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layer, if

nave observed  in the laboratory tlmt Ilitrc)gell cculckmscs  initially as a tral~s])amllt

the deposition rate is less than  al)out  2.88  }17r1/h7. To correlate OUI” Ial)orat  my

rcsdts  with the Jroyagcr  olxwrvat ions  of Trit oll and gromcl-basd  olxmwt  ions of Pluto, we

have calculated the nitrogen  dqwsitiol]  rates on t hcse  bodies. The ]naxim~~l~l  dq)osition

late fol Pluto (witl] 40 K icy surface  tem~maturc)  is calculated to be al)out  4,57 * 10– 8

cml/s  (or N 1.65 pm/hr) and for Trikm is ‘~ 3.83 * 10–8 cm/s  at 38 K. T}~is  iml~lics that

Voyager 2 obscm’atiollsnitrogen  on these bodies presently condenses  as a transparent layer. .

iu August, 1989 r.wcalcd that Triton)s northml llcmisplwre  had cmral] 10W% allxdo  than

the soutllcm  hcmisl )here. This was surprising sillcc  at that,  time chqmsitioll  of the fwsh

A ’2 should  have taken place (WY nmt of ‘hiton’s  ncmt hem hemisphere  ( subso la r  point

\!’as at 45 s). on the contrary, tllc suljlilllillg  sc)lltherll  cap was sccnl as a bright  fea tu re .

Our IICW a]q)roach  to t h i s  problcm i s  b a d  on the combinaticm  o f  the cmcrgy balance

calculations .aIld tile laboratory results. We exl)laill  tile d a r k e r  nortlmrll  llclnis])llcrc  by

tllc cmldmlsatjioll  of all illit ially  t ralls])armlt  l aye r  011 a dark sulmt  rat c, 11’llicll  I]lig}lt  be

dark  oqymics  ]noduced  by UV lig]lt o x  cllargcd ~mrt icle bmnbardlnm]t  o f  L’H4 ice. Tile

Ixig]lt  southenl  cap call  be a result of ATZ sllatt,cring  clue to tllc earlier I)assagc  of tile cubic

llmagollal  pllasc tmnsitioll  fronts. If t hele is a silllilar ]mzzling hTort 11/Sout I] alhcclo

asylnlllctl’y  011 Pluto, as was inclicatd  by two i]ldcpcndmlt  sets c)f okrvat  ic)lls  ( Buie ct al.

1992;  YolIIlg and  Bimel 1 9 9 3 ) ,  our results  offer al] explamitio]l  for it. lf~c a l so  illfm all

origiual  grain size of AT2 icc OIL Triton  and,  ]wssib]y,  on P l u t o . The Ndc of impurities is

disc lwscd.

IIltrducticm

Durilg  the Voyager 2 encomltcr  with Triton  in August  1989 the subsolar  l)oint \vas

at 45 dcg  S and was moving south t owarcl  its cxtmnc of 52 deg  S for the current  seasonal

cycle.  The obscrvccl  10 W %  allwclc)  of the Ilcmtltcnl  regicnls  01] Tritoll  ~vas surl)risil~g  because

(like cm Pluto) volatile transport models prdictcd  that there woulcl be brig]lt  frost Tvllich

}lad recently  CYnldcnsccl  in Triton’s  nortlmrll  llclnisphmw  during  aut  UX1lI1 there (  S]Jmccr

1 9 9 0 ,  Yelle  1992, Halwm ad Paigc 1992). To ml)lain  this discrq)ancy,  a trallsl>arellt,

solid nitrogen layer 01] Tritoll  has bcwl postulated in several st udics  ( Smit 11 et al. 1989,



Llocwe and Spmcw 1990 ,  Eluszkicwicz  1991 ,  Hclfmstcin  et al. 1991 ,  Helfmsteill  et al.

1992, Lee et d. 1992). Hdfmstcin  ci al. ( 1992) machd this conclusion aftm detailed

analysis of the Voyagm 2 images. A extcmiw  southcm cap with the albdo of about 0.8

w a s  alsc) uncxpcctecl  du~illg  tllc soutllelll  sl)lillg  ml ‘1’~itoll.

Accord ing  to  the albcdo ma~)s dmivd fmn the nlutual  event lightcmws  (Buic  ei d.

1992; YouIlg  and Bind 1993), Pluto’s no~tlmm  hcmisphw  is much da]km  than tile sollth-

em. (WC usc  Pluto’s angular  monmltum  vector tc) define  NToxth). At t 11(’ time of t llc mutual

ec l ipses  ~vitll  its satellite CHlaml],  Pluto mras alqnwclling  pmihclicm  ill 1989. Buic ci aZ.

( 1992) conducted regular  okwations  of milt  ual eclilms fm about 6 ycals to ]Noducc tlw

Pluto albeck  Inap. me Pluto subscdal  point lMS crossed the cquato~  ill 1986 Illovillg  north

with a s~wd of about 2 cleg ])c~ Ealt}~ year. HcNcc ]mior to 1986 the south  polr has bwm

in con t inuous  sun l igh t  clu]ing  the last % 124 ymms (]mthmn autumn  ancl wintm),  and

cummtly  it is the beginning  of s])ring  in the no~tlmm  hcmisplwe.  Sillcc  the Hublde Space

TCICSCOIN  inlagcs  (Stem ci al.  1996) WCK t alml lat m (in  June 1994), the sulmJal  point

was at % 1 G ckg  NT and the south polar  mgiom to % 74 S wem in ccmt imous  darkness in

those illmgcs.

Gmul]cl-basd  i]lflamd  sl)cctmscol)y  (<)WCII d al. 1 993) re~calcd  t hat Ilitmgcll  ice was

tllc most almndalit  ice (% 98%)  011 Pluto’s sulfate. It was suq~~isillg  to find an extensive

b~igllt fcatum nca~ the south pole, because i t  shcmld  have sublimd  during  the southmn

summer (by the beginning of southcm autulnll)  and incoqmratd  at the north pole. Evcm

more puzzling was why the north polar regions (whcm the fresh lwight  nitmgm  frost should

have naturally  collclmlsed  dulillg  the

lmlay  regions (SpcllccI et al. 1996).

2 images (Augus t  1989) fcm T~itoll.

willtc~  scasoll)  aplmamcl  lnucll  da~kc~ tlml]  tile south

Similar alkdo asymmct~y  w a s  revealed  by  Voyagm

Mre pro]  Km a solution to this seasonal frost puzzle

as well as t c) tile scmtllmn ca~)’s higlltllcss  based upoxl tile physics of scdid A’z. W’c also

cstilnate an original  grain diamctw for the pmsellt,  condalsation  c)f Arz frost 011 P l u t o  and

Tliton.

The following two long- tmm cycles  a~c important  for the t ~anspod of Pluto’s volat  ilcs:

the pmcmsional  cycle  of tlm  Pluto’s spin axis with

Hwris 1983) ancl the precession of I’luto’s  olbital

3

a pmiocl  of 3 Myr (DobIovcMis  and

longitude of pmihelion  (acccnding  to



MTilliams  and Bel]wn 197’1,  360 clegmm  in 3.7 hlyr). Ccmsidming  thcw two cycles, it

is l)lausil]le  that at some  times Pluto has only  one pcda~ cap (Binml 1990,  1992).  If a

cap mpmicmccs  summm at pmihclion  for a sufficiently long  time, it may totally sublimate

away. Hence we suggest using the tmn “pmmnial’)  fcw Pluto’s caps instead of “pmmanent’)

which was usd for Triton’s  caps (Duxlmry and Brown 1992, 1993, 1995). Spcmccr  d d.

(1996)  calculations confiml  that the illciclmt insolation (note that this is not an absollwcl

ilwolat  iou,  since  allmdc)s am ]lot well comtlaincd)  avmagd  over  t Ilc past 1 My I is abcmt

t~vice as high at Pluto’s mntll lmle  as at its south ]mlc. It is thcwfcnw  reasonable to conclude

that tile residual large, }~light southmm  polal  cal) at the beginning of  soutkm a u t u m n

(aftm cq)micllcillg  sulnlne~  sul~lixnaticn])  Illust  be ])cmllllial. T}lcmgh tllc precessional

cycle (which is the sul)eqmsition  of the 3 Myr and tile 3.7 h~yr cycles  and has a ])e~iod

equal to the least comxnoll  multipk  of tile tlvo)  e x p l a i n s  tllc cunwlt.  mistmlcc c)f a lalge

soutllem  cal) (Billzel 1992), it does not, accouut for the lack of Iwight  fmsll  flost (Spencer

et d. 1996)  in the noxthcml  hemis])hcm  at the end of the nolthcm wintm. It also does not

explain ihc b~ightncss  of the scmthmm cap.

(;alculatiom and Lal~oIatoq Expmiments

I1litially,  wc mak calculaticms for P l u t o  and tllell  gcnwalize these fcm Tlitoll.  FroI1l

the c]lclp;y  balance equation at the suyfacc  of uitmgcm  ice cm Pluto, we calculate the highest

condmsatioll  rate (which occurs whew akmbd insolation is equal  to mm, i.e. at night, or

in pemlancnt,ly  shadcmwcl areas) at the pmscmt  time. W7e assume that Pluto’s surface and

at mospherc a~e in global vapol-]messurc  quilihium  and use  the equatio]]:

Hem i3h/dt is the rate of change  in nitrogen thichlcss  h due to deposition ox sublilnation;

d, @, t am latitude, longitude ancl tilnc,  ~espectively; a is the Stefall-lloltzlllallll  cons tan t

(5.67051  * 10-8 W/m21{4  ); E is t hc cmissivity  (0.8 for the /3 phase of llitmgcll,  acced ing

t o  Stanskmy et al. 1996);  Tic,  = 40  K has  ken detemlinecl  spectmscol)ically  as the

]msmt solid nitrogen  su~facc  tempe~ature  on Pluto (Txyka  d al. 1994); S is the akmbecl

insolation and is taken as zelo;  the latent heat, of the solid-gas phase transition  is taken
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for tllc ~ ]Jhase  of AT2 as 2.5 *. 105 J/kg (BrowIl and Ziqglm  1979); allcl  the hulk clmlsity  p

at 40 1{ is about  989 Lc3/7713  (Scott 1976). Following Brown and Kirk (1994) calculations

fcm T~iton, lhmlJLwy ancl BrowH  (1996) calculated that,  H=2.97 * 10 -3 lV/n/2,  m~llicll  is the

lower lilnit fcm the Iacliogmic  lmat flow at Plut  o’s surface,  comespollding  to the specif ic

~aclic)genic  heat p~c)cluction mcasumcl from chonchit  ic mdeorites.  Thcmforc, the calculat d

uppcx limit for the cummt nitmgcm  conckmsaticm  Iate cm Plutc)  is al>out 4.57 * 10–s  cHI/s

(01 % 1.65 p?/1/h?’).

FmI n labo~atcny  expe~imcmt,s wc foullc]  t]lat, at about 2.88 p7~2/~17 or lowm,  nit logel~

condcmsm  as a tmmpamnt  layc~. Thc cxpmimmts  were concluctccl  at t hc EM ~atmmst~ial

Ice Facility at the Jd Pmpulsioll  Lalm~atcny.  As in Tryka  d al. (1995), the exlw~ilmntal

set u]) illc,lucled  a Fourim t ~ansfcmn  slwctml~lete~,  a clcwx-cycle He mf~igemt or,  a t CInpeX-

at uw c(nltdlm ancl a vacuum chalnlxm. Thc lalxmatcny measummmts  wmc ~mfcmmd

o n  tllill-filln  sam]dcs o f  nitmgcv]  gmwll oll a salqJlim  substrate. The ]NOCY’C]UK  \\r:lS  t o

illtmcluce nitmgm  gas of 99 .999  % purity (suppliecl  by  Alphagaz) intc) the cqc) chambm

tlucmgh  a ncmle  pointcxl  at t }le sapphire suhst  rate using  a calibrat  Ccl leak valve assembly.

Material was clepositcd  at a constant Iatc lJy maintaining a ccmstant,  low pmssum in the

line  lea{lillg tc) tllc: HCMZIC ill  tllc’ c~yc) CIELIIIINI. The clqmsiticnl  rat c w a s  Ineasumcl  by a

HCNTC lascu. WC used a photodic)clc  tc) measmc tile intensity  of  t i le  lasm I)caln  s~wcularly

dlmtecl  fmm the f~cmt sulfate  c)f the AT

2 layel ancl f~cml the subst~ate. This ploducec]  an

acculatc  lllmsumlncllt  of tllc film thickness and dqmsitioll  Iatc by  lncasu~ing  tile ~)assage c)f

illtc~fcmllc.c  fringes  in the mflectccl  bcaln as tile film thiclicmecl.  TIIe  sa]pllim sul)st~ate  did

Ilot illtelact  with tile coIlclelmd  nit~c)gcn, tllemfom  it did not influence tile groin growth.

lhc wavelcx@ll c)f tllc lascn was 0.6328  lnicrolls ancl tile accurac-y  of tile lneasu~ml~cmt

was  1/2 of a f~inge or bcttm. The typical tllickllms  of tile layer, When 1 f~il+y  cycle  was

SCCY1, is abcmt  1/2 of the wavelcnlgth  (clq)clldillg upcnl tile illdcx  of ~efracticm  of t lle laym

ancl the angle of incidence of the laser beam). M7e usecl  a t echnicluc  that assulnccl  a tw~ch

fmqumlcy  sinusoidal function  for the intmlsity  ]nc)clulation  smm in tile scat ted lasm light,

thus ill ])~illcil~le,  we achievecl  accuracies bet t e~ than 1/2 of a f~illge. YITheII lve cc)ndcmsccl

a AT

2 laym ancl OIMCNCC1  10 f~ingc cycles,  we hacl a worst case accu~ac,y  of about 1 part in

20, igllc)~illg  s}~st,elllatic  errors iIl our kllowldgc  of the inclex of refraction, L1llC’lWICSS  of t he.



f i lm, and unccxtainty  in our kllcnvldge  c)f the angle of incickmm  of the lasm l)eam.

The avcnagc  clqmsition  late fcm the salnples  mcasumcl  was about  0.0008 micmns per

scmmd  or about 2.5 cml/yr. Typical  total  dqmsition  times wcm such that” the avcqy

thickness of  the resulting nitmgcm  films was abcmt  5 mimcms  wit]l  a maximum of 11

micmns (the lattm uquimcl  abou t  3 .S2  hcmrs). If wc w o u l d  clepc)sit.  AT

2 longeu,  thcm

the grains coulcl have sintc~ecl (i.e., ncd gmwt,h  bdweml  the glaills woulcl o c c u r )  aucl

sulmcluently  anucalecl at the base. Thcmfolc,  the layer wcmlcl  mmaill tmm]mrent.  T h e

clarity of the thin films was mcasuml by ol~t  aining  t Iammission  spcct la of t llc sul)st  rate

befcmc film cleposit  ion, aftc~  film clcpositic)ll  aucl again  aft c~ evaporat ive lcmoval of the

film. A hlattson  Galaxy Smies  Fourier tmnsfonn  spectlomdm  was USCC1.  Iu all cascx,  any

at tmuation  of the s])ect~omder  beam ill addition to t]mt expected fmm ]Nwcly  specular

Icficctio]l  at the filn-sulx+tmte  interface was ulllncasu~able.  Tyl)ical sigllal-tc)-xloise  r a t ios

for the spcxtra  obtaimcl  wcm in the lange  c)f 400-500,  with the Inaximum c)f 1000. Fcm

more clet ailecl  clmcripticm  c)f the equipmcmt  sdu~)  aud calilmit icm we mfm to the work 1 )y

Tryka et d. (1995) .

Wle calculated the thickness of tile Ar2 frost, which ccmdensecl  du~illg  Pluto’s ncmthem

a~ltulnll  allcl willtcr (X 120 F,altll YM) at tllc late of 1.65 }lm/1/?’, to I)r al~out 180 CIII. T h i s

is still a mascmablc thiclmms for the layer tc) be trampamnt.  Increasing the ccmclensaticm

late in the labo~ato~y  shcnvs that,  scatte~il]g  centem alqmal gyaclually  ill tlw conclmscd

layer, hcmcc speaking about the maximum critical ccmclcmation  Iate has little meaning.

Iu smlllna~y,  wc conclude  that,  what, wc see ill Pluto’s  noxthcm hcmis~)lle~e is  probably a

relat ively dark subst~atc uudcr  a clear laycu of nit~cyyn  ice. The clalli substmtc  is likely

a  l a g  clepc)sit  of o~ganics  p~oducecl  by  phc)t cm ancl cha~gecl paxiiclc l~cmll~alchmmt  c)f less

volatile (at the same temlmmtum as nitrogen)  Illdhane  ice.

TYit on

Ou~ results are mo~ecmx  applicable tc) Tlitcm because AT2

ice three (= 99 % acceding to Chuilcshanli  ci aZ. 1993) ancl

is alsc) the clcminallt sulfate

the AT

2 surface  t elllperat  um

011 TIiton is cummtly  lowc~ than  on  Plutc)  (W

WC calculated the upper limit fcm the cuncllt

6

38t\ K according to T~yka d al. 1994).

condensa t ion  ~ate on Tlitcm tc) be about,



3.83 * 10–8 cln/s, w}licll  is less tlmll tile co~lespollclillg  late CJI1 Pluto a]lcl  thus  sufficient to

form an initially dca~ nitmgm laym. This explains the dative  clarkness  c)f the llmtlmm

r e g i o n s  u]) to 45 dcg  NT smn in the Voyager 2 images taken  in A u g u s t  1989. The polar

mgicnls  above 45 deg  NT wem not swm since  they were beycmd  tllc t cm llillat  cm.

The mist encc:  of b~ight  regions,  adjacmt  to the la~gc, dark areas that can be iclmlt  ifid

in the Voyager 2 ilnagcs of areas north of 11’liton’s  equator,  could be sum as a ]Jossil)le

]Jml>lcm  for the clea~-laym  hypothesis. Nm’mthelcss, tile l>~igllt  mgiolls  n~ay I)e tllc regions

u~llcm~  AT

2 c.cmdcnlsd  ea~lic~  du~illg  llo~tllenl  autumn than clear AT

2 d i d .  TIIC tillle intmval

fmm the epoch  when the sulxsola~  point  cmsscd  the equator going  south to the C])oc-h of

t i l e  Voy;igel’  2 Cllcomltm  is al~out 50 lla~tll ycam. If  at  that  tillle Tz,, > 40 K, t}lell  t}le

condensation rate was lliglm  thall the rate sufficient for the condensation of a t~alqximnt

laycx. Thus, tile frost COIICICIISCC1  as a lwight  layx and evidently  did Ilot lmve  mlougll  tilne

to amwal into a clc’a~ ice. This explanation is applicable to Pluto>s b~igllt  regions in the

l~lostly dark noxtllc~ll  lvmlisphem.  Altemativcly,  tile b~ight  areas on Tritoll  may ill fact be

areas of CXIJOSCC1  L’02 or clZ4, M~llosc lcmm  volatility (at the same tcmll)matum  as Arz ice)

would nxult  in little  or no t~am]xmt,  or sillterillg  dlwi~lg a tyl)ical T1iton sc~asmlal  c y c l e ,

allcl t llus Tvmllcl likely relllaill Imigllt.

lfTe also have constlaind

and Tritoll l)Y calculat ing tllc

Initial  A12 groin size

tile p~mmlt  initial  Arz g~aill size 011 tile surfaces  o f  Pluto

cuncllt  maxillluln  mlldmlsatioll  rate, allcl ccnnl)illillg  tile

obscm~atiolls  of 13uie et aZ. (1 992) ,  YouIIg  and Billzd  (1993),  Helfmlstein  ci aZ. ( 1 9 9 2 ) ,

oul’ labmat my mqmilmnts  and Eluszkim’icz’s  (1991) calculations. Fortunately fmnl the

laboIatoly  obscm’aticms,  wc havc ddmmimd the sufficient ccmclit  ion  for a AT2 laym t c) be

d e p o s i t e d  as a tmm])amnt  laym ill tellns of t IIe colldcxlsaticm  rate. Eluszkiewicz  ( 1 9 9 1 )

studied tile ])~ocess of sinte~illg  cluring  deposition ml Triton, He t~eatd  it as a Iwocess

silnilar  to epitaxial  ,gynvtll,  which is all olim)td  o~’clgmwtll  of a cqwtallille  lnatc~ial  upcm

tllr surface  of anothm cqwtal  wit]l  a silnilar  s t r u c t u r e . His calculations showed that  if

(lgrcliTl > 0.3p1n,  thcm an ini t ia l ly  fcmned layer is llc)ll-tIalls]~aIellt.  Tlmse ‘(laqy”  paxticlm

will be lm~iecl before  they Inmgc with the sul)st~ate  to form a cleal layel.  ‘rllis  is qui~’alellt
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to sayilg:  if the layx is initially t~allsl~awllt,  the]]  d9? ~i~~ < 0.31~111.  TIN’ cll~l~llt  clqmsition

rates fo] Pluto and T~iton, which wc calculated above, will cause a A~2 deposit to fmm

as a  tlalq>amnt  laym (acccmding  to our labcmato~y  olmmations),  ancl llencc the o~igillal

glain  sim at which A’z flost  muwmtly forms cm tlmsc  bodies is less than O.3 pm. Thcmfom,

tllc lal)cmatoly  obsmvations  clcmonstmtc!  a sufFicicmt  cmditicm for the condensation of an

initially t~anspamnt  scdid nitmgell  laym, providing the missing link, which allows all pieces

of the puzzle to k! put t’ogctllcl.

Finally,  our thtmnal  nulnmical m o d e l i n g  (Duxbuq allcl Brown  1992, 1993, 1995) can

explain  the obscmd lightness of Tritcm’s  axlcl Pluto’s southmn  pcmllllial  ~da~ ca])s. WTe

co]lclude  that cqstallinc  G - /3 nitqym  phase t~ansition  fronts shattcmd  the s o l i d  AT

2

ill tllc southmm  polar regions c)f these icy lmclim whml

Mow 35.61 K. This resulted in the fomlatioll  of many

ice. A l though  the southcxm  pcmmnial  caps hacl cmough

layer (131uszkiewicz 1991 ) ])rior  to this event,  they am

due to t llc f~act  u~illg.

the surface  t cvnlwlatum dxc)ppccl

scattming cmltms in tile nitrc)gm

time to amwal i~lto a t~allspamnt

Ilow seen  as  ljigll alldo  featu~cs

Discussion

It is not cmnpldely  dca~ whdhm  the mntdld conditions of the lahcmat  my mpcr-

illlcvlts am directly applicable to the surfaces  of TIiton and Pluto. 011 oIle had, the ’

dqmsit ion  of nitqyvl  frost on Pluto and T~iton  is slowm  than that, usd in our labo~at my

mpmimmts,  which would ague that,  t ranspalmt  laycm c.cmlcl rosily fcmn  011 these boclics,

at least fol thin layms on time s c a l e s  much slmia than  seascmal.  On  the  othm ]lancl,

it is not known  whet hm ot hcx lollg-tcmn  pmccsscs  opmat  ing  on T~it on and Plut c) such

as plmt oclmnic,ally  and c.cmnic. ray altmd impurities  (especially 6’174 ice), fcmnat icm of

scat t millg  bubblcx  allcl ]Jmcipit  atioll  of clust part ides fmln tile at mosphmc call  pmvcmt  the

fomlaticm  of clcal layem on tlmc l>odies as thick as 1 lnetm.

A  ddlnitivc  answer to  th i s  ques t ion  wi l l  lildy  have to be pnx.edecl  by  spaccaaft

cxplo~ation.  Twc) spacecraft am cumcmt ly plalmcd tc) be launched t c) Pluto in March 2001

(Pluto Express mission). Our  puqmse hew is simply to point out that, in the absence

of compd ing  pmcessm, the vuy small cleposition  mte of nit~ogm flcmt during  a typical

8



seascn~  on T~iton and Pluto is mom lildy to produce laym of dear ice ~athm t]lan laycm

of scattming f~c)st.

Recent Hul~l~lc  Space TcIcsco~N ilnagm  c)f Pluto,  t  akcm ill JIInc 1 9 9 4 ,  sllo~v albdo

l~at tcmls similar to t}lc Inllt ual wcvlt  albmlc)  Inal)s  ill t lle ccluat o~ial mgimls, but they shc)w

an oppos i t e  h~ightnms  patteln  in tile pedal mgiolls. A s  Stcml  d a.Z. (1996)  poilltccl  cmt,

systematic errors in tile tmatlncvlt  of tile HS’T clat  a am tile la~gest  nea~ a ~)land’s lillllj, allcl

the pcda~ legions of Pluto pmxmtly lie at the limb. ll~lletlle~  tllcm is illckd a ccnlt~adiction

bctwcml t llese  two clat a sets \\’ill  be ck.iclccl  I)y fuytllm obscm’aticnls.
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